A simple and efficient protoplast regeneration and PEG-induced transformation procedure was developed for Bacillus licheniformis. The protoplast stabilizing osmoticum was 0.5 M sucrose in the regenerating media, and the restoration of cell wall was carried out at pH 84. The mean frequency of regeneration was 83%. The transformation efficiency was studied with four different strains and five plasmids, and ranged from 3.5 x l o 5 to 7.2 x l o 6 transformants per pg plasmid DNA depending on the plasmid, and on the donor and recipient strains used. Endonuclease digested and ligated plasmid DNA could also be used to transform the protoplasts, but at a lower frequency.
INTRODUCTION
BacillZls lichenzformis is used for the industrial production of the peptide antibiotic bacitracin, a-amylase, p-lactamase, alkaline protease and alkaline phosphatase (Kleinkauf & von Dohren, 1987; Harwood, 1992) . In a strain improvement and genetic manipulation programme plasmid D N A transfer is indispensable. There are several methods to introduce plasmid D N A into Ba~illus species, such as transformat ion of competent cells, PEG-mediated transformation of protoplasts, electroporation, transduction and conjugation (Bron, 1990) , but in the case of some Bacilhs lichenformis strains only protoplast transformation was successful (Jensen & Hulett, 1989;  A. Holczinger, unpublished results). The method described for Bacilhs subtilis by Chang & Cohen (1979) cannot be applied to B.
lichenformis because of deficient cell wall regeneration of the protoplasts. Regenerants could only be obtained by changing the composition of the growth and regeneration media, or the incubation temperature. Even so, the efficiency of regeneration and transformation was low and variable (Grosch & Wollweber, 1982; Bourne & Dancer, 1986; Jensen & Hulett, 1989; Bron, 1990 ; Wati e t al., 1990) .
A transformation procedure is reported here for protoplasts o f B. lichen!fbrmis strains with different plasmids.
The method is a reproducible variant of the procedure of Chang & Cohen (1979) , in which the media are modified to increase regeneration and transformation frequencies. 
METHODS
Bacterial strains and plasmids. Strains used in the experiments are described in Table 1 and plasmids in Table 2 . Preparation of protoplasts. Bacteria were grown in YTA broth overnight (14-16 h) at 37 OC. The cultures were subsequently diluted 100-fold into 5 ml fresh YTA medium and grown for 1-5-2 h at 37 "C (the number of c.f.u. was around 3 -6~ lo7 ml-'). The cells were centrifuged at R T for 5 min at 6000g and resuspended in the same volume of P-lys medium. After 90 min at 37 "C (without shaking), almost 100% of the cells were protoplasted. The protoplasts were harvested by centrifugation (RT, 5 min, 6000 g) and resuspended in the same volume of P-solution.
Media
PEG-induced transformation. Protoplasts were centrifuged (RT, 5 min, 6000g) and resuspended in the same volume of P-solution containing CsC1-purified plasmid DNA (final concentration: 1 pg ml-'). This was mixed with equal volume of PEG solution. After 3 min exposure to PEG the mixture was diluted 12.5-fold into ART liquid medium and incubated for 90 min at 30 "C with agitation. Then non-inhibitory amounts of appropriate antibiotic were added during the expression period of resistance genes (0.1 pg Km or Cm ml-'), which was 30 min at 30 "C.
Regeneration of protoplasts. Protoplasts were diluted in ART liquid medium and plated in ART soft-agar overlays on ART agar medium. For direct selection of transformants, selective antibiotic (Km 5 pg ml-' or Cm 20 pg ml-') was added to both ART agar media. For colony formation the incubation time at 30 "C depended on the strain and plasmid used (3-6 d).
Restriction endonuclease digestion and ligation. All of the enzymes were purchased from Amersham and were used according to the manufacturer's specifications. Reaction products were analysed by agarose gel electrophoresis.
RESULTS

Cell wall regeneration
In order to develop a simple and efficient protoplast regeneration method for B. licbenzformis 0-5 M sucrose was used in all media as osmotic stabilizer. Optimal conditions for cell wall regeneration were worked out for B.
licbenzformis 19. The effect of pH was tested at pH 7-10 in ART media. The protoplasts were prepared (from 4.6 x lo' c.f.u. ml-l) and the cell walls were regenerated as described in Methods. The results are shown in Fig. 1 3.5 x lo' ml-I. Regeneration frequencies were on the average 83%, although in some cases we observed 140-180 YO regeneration. In these cases more than one protoplast was formed from one bacterial chain.
Conditions for optimum protoplast transformation
Using the conditions for efficient regeneration described above, the effects of PEG and plasmid DNA concentration on transformation frequencies were studied. The optimal final concentration of PEG 6000 was determined for B. lichenifarmis 19 protoplasts using 1 pg ml-' PUB110 DNA (purified from the same strain) in the transformation mixture. Increasing volumes of PEG solution were added to equal volumes of protoplast and plasmid DNA suspensions, so that the final percentages were from 10 to 50 (w/v) PEG. Transformants were isolated by direct selection (5 pg Km ml-I). The results are shown in Fig. 2 . At the optimal concentration of PEG (30 Yo, w/v) 4-1 x lo' regenerated protoplasts ml-' were detected; 16-6 YO of these were transformed.
T o study the effect of plasmid DNA concentration on transformation, B. licbenzformis 19 protoplasts were transformed with increasing amounts of PUB1 10 DNA (1 0-4-1 O2 pg ml-'), purified from B. licbenformis 19 or B. subtilis 27. Transformants were isolated by direct selection on ART agar medium containing Km (Fig. 3 ) Fig. 3) . Transformation frequencies were determined as the ratios (in percentage) of transformants and regenerated protoplasts. The transformation frequencies were 24.0 YO and 7.5 YO using 1 pg ml-' PUB1 10 purified from B. lichenifrmis 19 or B. subtilis 27, respectively. Both curves follow a saturation function (Fig. 3) . At high DNA concentrations (100 pg ml-') all protoplasts became transformed with both donor DNAs. Transformation of different strains of B. lichenifomis approximate value. Three independent experiments were carried out with B. licheniformis 19 cultures (4.2 x lo7 c.f.u. ml-'). Protoplasts were prepared as described in Methods. To evaluate the effect of lysozyme treatment, the number of surviving c.f.u. was determined after bursting the protoplasts in sterile distilled water by plating on YTA agar medium: 6.1 x lo3 c.f.u. ml-' were detected and the frequency of osmotic shock resistant cells was around 1.5 x lop4. To determine the efficiency of regeneration the cell wall of protoplasts was restored as described in Methods. The number of regenerants was
The transformation efficiencies were compared with four B. licbeniformis strains in three independent experiments using 1 pg ml-' of PUB110 (Table 3 ). The numbers of I<mr transformants were determined and their plasmid content was tested as described before. The transformation efficiency of strain ATCC 9800 was significantly lower than that of strains ATCC 10716 UM12,19, and 16, as determined by two-sample analysis (95 YO significance level). There were also differences among the strains with respect to the time required for cell wall regeneration.
This time was shorter for B. licbenformis 16 or 19, and longer for ATCC 9800. * The number of regenerated protoplasts was 2.8 x lo' ml-'. (Table 4 ). Transformants and their plasmid contents were tested as described in foregoing sections. The size and the EcoRI or BamHI restriction endonuclease digestion patterns of the plasmids were the same in the transformants as in the original strain, suggesting that the plasmids were maintained in B. licbeniformix without any deletions or rearrangements. The transformation frequencies were compared by two-sample analysis, and the results were the following. There was no significant difference between PUB110 and pUBUCl8, which are based on the same replicon, though their sizes are different. Likewise, no significant difference in transformation efficiency was found between various lowcopy-number plasmids of different size (pLTV1 is nearly three times bigger than pHV33). Significant differences were found, however, between the high-copy-number plasmids (pUBUC18, pUBll0) and the low-copy-number plasmids (pAT187, pHV33, pLTV1). Cm' transformants formed colonies 2-3 d later than Kmr transformants.
Protoplast transformation by cut and ligated plasmid
DNA
The transformation efficiencies of restriction endonuclease digested and ligated plasmid DNA were determined for B. licheniformix 19 protoplasts using 1 pg ml-' uncut, EcoRI treated, HindIII treated and ligated pUBUCl8 DNAs in the transformation mixtures (Table   5 ). Transformants were selected on ART agar medium containing Km (5 pg ml-'). The numbers of transformants were determined and their plasmid content was tested as described above. In the case of EcoRI digested and T4 DNA ligase treated plasmid DNA, 16 O h of the tested Km' colonies (231) contained pUBUCl8 (' recombinant DNA '), and 84 YO contained PUB1 10.
DISCUSSION
The most limiting step in the transformation of B.
licheniformix protoplasts seems to be the regeneration of the cell wall, because the L-form colonies arising from protoplasts appear unable to revert to normal cells (Bourne & Dancer, 1986; Jensen & Hulett, 1989) . Regenerants have been obtained by several investigators, for instance when succinate in the regeneration medium was replaced by mannitol (Wati etal., 1990) ' or gelatin was added to this medium (Bourne & Dancer, 1986) , or when the incubation temperature was increased to 46 "C (Jensen & Hulett, l989), or when the growth and regeneration media were different (Bron, 1990) . The frequencies of
